Abstract. Murine leukemia (Rauscher and Moloney strains) and sarcoma (Kirsten strain) virions, as well as the mammary tumor virus of mice, contain an RNA-dependent DNA polymerase. Optimal incorporation of deoxyribonucleoside triphosphates occurs at a critical detergent (Triton X-100) concentration (0.010-0.014%). At higher than optimal detergent concentrations the virion is seen to be disrupted and enzyme activity is lost. The virion, enzymatic activity, and newly synthesized DNA all cosediment in a sucrose gradient. Thus far the enzymatic activity has been found only in RNA viruses that have oncogenic properties.
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The existence of an RNA-dependent DNA polymerase in RNA-containing tumor viruses has been postulated from indirect evidence.1'2 More recently, Temin and Mizutani3 and Baltimore4 have reported the presence of such an enzymatic activity associated with Rous sarcoma virus and Rauscher leukemia virus preparations. The present studies were undertaken to investigate the generality of occurrence of this enzyme, and to study some of the characteristics of the reaction.
Materials and Methods. Viruses: The Kirsten strain of murine sarcoma virus (Ki-MSV)5 was grown in NIH/3T3 cells.6 Culture fluids were harvested 2 days after a medium change and centrifuged at 10,000 X g for 15 min to remove cell debris. The supernatant was then centrifuged through 10% sucrose for 2 hr at 30,000 X g in a Spinco no. 30 rotor. The pelleted viruses were resuspended in 0.01 M Tris.HCl, pH 7.4-0.10 M NaCl-6 mM ,3-mercaptoethanol, to a final volume of 1/50th of the initial volume, and stored at -70'C. Rauscher leukemia virus (R-MuLV), obtained as a band on density gradient centrifugation of the plasma of leukemia-infected mice, was supplied by the Resources and Logistics Segment of the National Cancer Institute. It had a titer of 105-5 spleen-enlarging units/ml. A variant of Rauscher leukemia virus, adapted to grow in human cells, was concentrated from supernatant fluids of human embryonic kidney cells.7 Moloney leukemia virus (M-MuLV), grown in the JLSV9 BALB/c mouse line8, and Rauscher leukemia virus, grown in BALB/c spleen-thymus line JLSV5,9 were supplied by Electro-Nucleonics Laboratories (Bethesda, Md.); these viruses had been purified twice on density gradients. The Gardner-Arnstein strain of feline sarcoma virus (GFeSV), isolated from a spontaneous sarcoma,10 was also prepared and purified on a gradient by Electro-Nucleonics. The murine mammary tumor virus (MTV) was obtained after isopycnic banding in a density gradient1 through the courtesy of Mel-Labs, Inc., Springfield, Va. Sendai virus was grown in eggs as described previously.12 The virus was harvested in the allantoic fluid of embryonated chick eggs and concentrated 100 times by centrifugation at 25,000 X g for 1 The in vitro DNA polymerase activity was temperature-dependent. Table   1 shows that optimal activity was obtained at about 370C, with less incorporation at lower temperatures. Very little activity was detectable after incubation for 2 hr at room temperature (230C). In other experiments, a broad optimum concentration for sodium chloride was found between 0.06 and 0.14 M, and for magnesium acetate, the optimum concentration was 0.006-0.010 M. In agreement with Baltimore4 no incorporation was detectable with ribonucleoside triphosphates or with the deoxyribonucleoside triphosphates after RNase A treatment of the virion.
Dependence of the reaction on Triton X-100 concentration: In contrast to the results of a previous report,4 the viruses we tested showed little or no activity in the absence of Triton X-100 in the reaction mixture. As shown in Fig. 2 , activity showed a very sharp dependence on Triton X-100 concentration.
Optimal activity was found in a range from 0.010 to 0.014% for both the RMuLV and M-MuLV preparations. A slight increase above the optimal concentration of the detergent resulted in markedly lower activity. These findings make necessary careful determination of the optimal Triton concentration for each virus to be tested. The stimulation of activity at optimal Triton levels was as much as 200 times the control values obtained in the absence of one of the 4 deoxynucleotide triphosphates (either dATP or dTTP).
Cosedimentation of virion, enzymatic activity, and the DNA product: In  Fig. 3 , the Triton-treated Rauscher leukemia virion and the DNA product of the reaction were analyzed on sucrose gradients. Virions were treated for 60 min with Triton X-100 and then sedimented in a sucrose gradient. In Fig. 3A , DNA polymerase activity was found in a sharp peak at a density of 1.16 g/cm', cosedimenting with 14C-labeled virus that had been included in the reaction mixture. The results suggest that under these conditions Triton X-100 does not solubilize the DNA polymerase from the virus. In addition, since the detergent and the virus are presumably separated on the gradient, Triton appears not to be required for DNA polymerase activity but rather to make the substrates accessible to the enzyme. In Fig. 3B , the DNA product of the reaction can be found also to cosediment with the marker virion and with the DNA polymerase activity seen in Fig. 3A . The results indicate that virion, enzymatic activity, and the DNA product synthesized all cosediment in a sucrose gradient, and sug- gest that the three are part of a ternary complex. Whether the newly-formed DNA is synthesized from the entire RNA genome or only part of it is presently being studied.
DNA polymerase activity in RNA-containing virions: A large number of RNA-containing viruses, including several non-oncogenic RNA viruses, were tested for activity in the DNA polymerase assay. In preliminary experiments, the rate of incorporation was found to be linearly proportional to the concentration of virus. Table 1 shows that the rate of incorporation varied greatly, depending on the particular virus preparation used. The most active was Rauscher leukemia virus, obtained from the plasma of leukemic mice. Over 64,000 cpm was incorporated as compared to 430 cpm for the control. Other preparations showing high activity included a Moloney leukemia virus grown in mouse cells, a Kirsten sarcoma virus grown in rat cells, and a Rauscher leukemia virus grown in human cells. Activity was also observed with a preparation of G-FeSV (Gardner-Arnstein strain). It is not clear, as yet, whether the differences in activities among the viruses reflect differences in the manner of their preparation or whether they reflect intrinsic differences in the viruses themselves.
Of great interest was the presence of activity in MTV. While the growth of [methyl-'H]dTTP was also included. After incubation, the reaction was layered on a sucrose gradient, sedimented, and collected as above. Each fraction was analyzed for DNA by precipitation with cold TCA and collection of the precipitate on cellulose nitrate filters.
leukemia and sarcoma viruses is known from cell culture studies to require DNA synthesis subsequent to infection,'8"l9 comparable studies have not been performed with MTV because of the absence of satisfactory tissue culture assays for this virus. Thus, the activity in MTV suggests that this RNA tumor virus, too, contains an RNA-dependent DNA polymerase. It was necessary to rule out the presence of contaminating leukemia virus in the MTV preparation, since the CH mouse strain is known to carry C-type RNA viruses. Infectious
MuLV in the MTVr stock was assayed by the XC plaque test, complement fixation, and a fluorescent antibody method (Rowe et al., to be published); all were negative with the preparation shown in Table 2 . Electron microscopy of negatively-stained MTV virus pellets revealed the presence only of spiked virus particles characteristic of MTV.'0 Non-oncogenic RNA viruses that replicate by budding from cell membranes were similarly tested. A preparation of Sendai virus, which contained at least ten times the number of physical particles as compared to any of the other viruses, showed no incorporation above background at several concentrations of detergent. Similarly, respiratory syncytial virus, Newcastle disease virus, lymphocytic choriomeningitis virus, and influenza virus were inactive.
Discussion. The finding of an RNA-dependent DNA polymerase by Temin and Mizutani' and by Baltimore4 is supported and extended by this and other papers submitted simultaneously.21 '22 That such template activity is found with a variety of oncogenic RNA viruses, produced both in the animal and in cell culture, but is not found with several non-oncogenic RNA viruses (those reported here, and vesicular stomatitis virus4) increases the likelihood that the activity is related to the oncogenicity of the viruses. However, since the originally described DNA-dependent DNA polymerase of E. coli is now thought not to constitute part of the cellular machinery for replication of the Escherichia coli genetic material in vivo23, one must be cautious in assigning a physiological role to this RNA-dependent polymerase.
For the murine viruses, M-MuLV, R-MuLV, and Ki-MSV, the range of optimal Triton X-100 concentration was 0.010-0.014%. This very narrow range of detergent concentration necessary to demonstrate activity makes negative experiments difficult to interpret. Electron microscopy shows that below the optimal detergent concentration, the viral envelope remains intact and impermeable to uranyl acetate or to phosphotungstic acid (unpublished results). At the detergent concentration that gives maximal activity, the particles are sufficiently damaged so that the stain penetrates, but the cores remain intact. Further increases in detergent concentration are associated with a loss of enzyme activity, and disruption of the particle can be seen. Thus it appears that under these conditions an intact particle is needed for DNA synthesis but that the outer envelope must be altered in its permeability properties to demonstrate the activity in vitro. This, coupled with the inability to separate the enzyme from a virion of buoyant density of 1.16 g/cm3 after detergent treatment, provides further evidence that the enzyme activity is located within the virion and is not adventitiously adsorbed to the surface of the particle.
The mouse mammary tumor virus, a B-type particle,24 also showed RNAdependent DNA polymerase activity. This virus, like the C-type RNA viruses, contains high molecular weight (>60S) single-stranded RNA.25 There is as yet no tissue culture assay for MTV infectivity; enzyme activity then must be expressed in terms of physical particles. Three different MTV preparations contained polymerase activity. Each was tested for leukemia virus by immunodiffusion and complement fixation, and by biological assays (XC plaque test and fluorescent focus assay). One of the preparations that showed a high level of DNA polymerase activity (>20,000 cpm above the control) contained leukemia virus. With this preparation, therefore, it was not possible to conclude that all of the activity was due to MTV. The other two preparations showed no detectable MuLV by the tests described and showed an abundance of characteristic B-type particles of MTV by electron microscopy. This leads us to conclude that MTV itself contains the enzymatic activity for RNA-dependent DNA synthesis.
Recently, an RNA-containing virus that is structurally very similar to MTV has been found in two carcinoma cell cultures from human breast26'27 and has also been observed in the milk of certain women with breast cancer.28 Should the production of a DNA intermediate be a property restricted to tumor viruses, the presence of such activity in viruses of human origin would increase the likelihood that such viruses play an etiologic role in human cancer.
Note Added in Proof. The enzyme activity has been separated from the intact virion and is found in the nucleoid.29 Manganese rather than magnesium is the preferred divalent cation for DNA synthesis, especially with synthetic RNA templates.
